In this study, we report some improvements in a hydrothermal method for lead-free piezoelectric powders and the performance of the sintered (K 0:48 Na 0:52 )NbO 3 ceramics. To increase the obtained powder weight per source solution volume, the hydrothermal reaction conditions were modified. This improvement is important for mass production; however, it resulted in a larger particle size dispersion. Therefore, we examined to introduced the ball milling process that is useful for dense (K 0:48 Na 0:52 )NbO 3 ceramics. When a large amount of powder was obtained, it took a long time to eliminate the residual alkaline ions in the hydrothermal powders by a washing process. Therefore, a neutralization was conducted in the powder washing process. Using this powder, a solid solution of (K,Na)NbO 3 ceramics was synthesized. The relative density was successfully increased. Concerning the electrical properties, the relative permittivity was improved, and the piezoelectric constant d 33 was also increased from 114 to 130 pC/N. #
Introduction
Lead zirconate titanate (PZT) is utilized in various piezoelectric devices, which includes environmentally harmful lead. Therefore, the development of lead-free piezoelectric materials has been intensively pursued. Currently, as candidates for the replacement of PZT, lead-free piezoelectric materials, such as BaTiO 3 20-22) and alkalineniobate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] systems, have attracted attention owing to their high piezoelectric constants. [19] [20] [21] [22] In particular, (K,Na)NbO 3 is considered to be a promising material because it has a high Curie temperature.
We proposed a hydrothermal method to synthesize the source powders for alkaline-niobate ceramics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In the conventional process, the raw ceramic powders have been prepared by the conventional solid-solution method. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, potassium carbonate, K 2 CO 3 , which is the potassium source for potassium niobate, is deliquescent, so that it is difficult to weigh potassium accurately. During the calcination process, the potassium atoms are easily evaporated; therefore, an accurate stoichiometric ratio between potassium and niobium is difficult to obtain in KNbO 3 synthesis. [10] [11] [12] In addition to the control of the potassium ratio, a prolonged ball milling process was an obstacle for high-quality alkaline-niobate ceramics, because of the contamination. The alkaline-niobate ceramics are sensitive to such contamination, which degrades the piezoelectric performance.
On the other hand, the hydrothermal method can overcome these problems. [1] [2] [3] [4] [5] Firstly, the low reaction temperature of approximately 200 C results in high-quality crystal powders. Secondly, the potassium source can be potassium hydroxide (KOH) instead of the unstable K 2 CO 3 . Thirdly, the chemical component ratio, for example, K/Nb in the case of the KNbO 3 powder, becomes stoichiometric during the hydrothermal process. Moreover, the obtained powder size is fine; hence, the ball milling process can be eliminated or its time can be reduced. To date, we have reported on the nondoped KNbO 3 ceramics 3, 4) and (K 0:48 Na 0:52 )NbO 3 ceramics 1,2) whose source powders were synthesized from hydrothermal processes. In the case of (K 0:48 Na 0:52 )NbO 3 ceramics, 2) its density was 4.27 g/cm 3 , which was only 94.7% of the theoretical value (4.51 g/cm 3 ). This value was insufficient for practical piezoelectric performance. The other problem was the small amount of powders obtained by the hydrothermal processes. For example, 5.0 g of KNbO 3 powder and 4.5 g of NaNbO 3 powder were synthesized with 70 ml starting solutions. 1, 2) For mass production, a large amount of source powders is required. Even for laboratory work, the powder volume is important for efficient experiments.
In this study, increasing the amount of the obtained powder was attempted by modifying the hydrothermal reaction and niobate concentration. With this improvement, the powder volume could be increased; however, the particle size dispersion became larger. Therefore, we had to introduce the ball milling process. At the same time, a neutralization washing process was also required. With these improvements, the refined powders were obtained and they were used for the sintered (K 0:48 Na 0:52 )NbO 3 ceramics and their performances were examined.
Powder Weight and Yield Constant
Similarly to the previous studies, 1, 2) the source materials, NaOH pellets (97.0%, Kanto-Kagaku), KOH pellets (85.0%, Wako), and Nb 2 O 5 powders (99.95%, Kanto-Kagaku) were used. In this study, we examined the relationship between the source Nb 2 O 5 powder weight and obtained KNbO 3 or NaNbO 3 powder weight. The KOH concentration or NaOH concentration was already sufficiently high in the previous study; [1] [2] [3] [4] therefore, the increase in this parameter was fixed. In the case of the KNbO 3 powders, the KOH concentration was 8.8 N and its volume was 140 mL. The high-pressure container was a 300 mL high-pressure Teflon vessel (Taiatsu Techno TAF-SR Type), and the hydrothermal reaction was conducted at 210 C for 12 h. On the other hand, for the NaNbO 3 powders, the KOH conditions were 9 N and 70 mL and the container was a 125 mL high-pressure Teflon vessel (Parr 4748). The hydrothermal reaction was conducted at 210 C and the reaction time was 6 h. The relationship between the concentration of Nb 2 O 5 and the obtained hydrothermal powder weight was determined as shown in Fig. 1 . For KNbO 3 , the Nb 2 O 5 weight was modified from 3.7 to 11.2 g, and for NaNbO 3 , it was from 3.7 to 37.2 g. We found that the large-volume powders are synthesized with a high niobate concentration by the hydrothermal method. For the KNbO 3 powders, the obtained powder weight was saturated with the large Nb 2 O 5 . Therefore, 7.4 g of Nb 2 O 5 was adopted for the following experiments. As a result, the obtained KNbO 3 weight was twofold compared with the previous conditions, from 4.6 to 11 g, and the NaNbO 3 weight was increased ten times, from 4.6 to 45.6 g.
1,2) The particle size distributions were measured with a diffraction particle analyzer (Shimadzu SALD-2100). To break the aggregates, the powders were treated ultrasonically for 40 min before measurement. As shown in Fig. 2 , the average particle size of KNbO 3 was almost same and that of NaNbO 3 was slightly reduced with the modified higher Nb 2 O 5 concentration. However, the particle size dispersion of NaNbO 3 was increased. Therefore, we tried to use the ball milling process to achieve a uniform particle size as shown later. Figure 3 shows the Xray diffraction (XRD; Rigaku MiniFlex II) patterns of the KNbO 3 and NaNbO 3 powders, which indicated that the powders had no impurity and no secondary phase, such as niobium oxide.
Ball-Milling and Neutralization Processes
With these modified hydrothermal reactions, the process efficiency was improved; however, their particle size dispersions were increased as shown in Fig. 2 . Therefore, we had to introduce the ball-milling process to realize dense ceramics. To synthesize (Na 0:52 K 0:48 )NbO 3 ceramics, 5.500 g of KNbO 3 and 5.425 g of NaNbO 3 powders were Fig. 3 . XRD patterns of (a) KNbO 3 and (b) NaNbO 3 powders.
weighed and placed in a 500 mL polyethylene jar with 200 ml of ethanol with a hundred balls (diameter 10 mm) and 100 g of zirconia balls (diameter 2 mm). This jar was rotated for 12 h at 190 rpm. The particles observed with a scanning electron microscope (SEM; JEOL JSM 5310LV) are shown in Fig. 4 . Compared with the original KNbO 3 and NaNbO 3 powders without the ball milling process, the ball-milled powder size became less than 1 m and its distribution became narrow, as shown Fig. 5 .
When these ball-milled powders were used for the (Na 0:52 K 0:48 )NbO 3 ceramics sintering, the ceramics had a large conductivity and it was quite difficult to carry out the poling process. We considered that this difficulty came from the contaminants, K and Na ions, which remained on the surface of the powder during the hydrothermal process. It was related to the modification of reaction conditions for the powder production in large amounts. In the previous study, [1] [2] [3] [4] such neutralization process was not required, and just washing with pure water was sufficient for demonstrating the piezoelectric performances. To eliminate the residual ions completely, the neutralization process was introduced.
In this study, each alkaline-niobate powder was washed with 1000 ml of pure water and these powders were filtered with 0.45 m filter paper. They were put in 300 ml of pure water and neutralized with 0.01 mol/L HCl solution. The pH was measured with a pH meter (A&D Ap-20). The obtained powders were filtered and washed with 1000 ml of pure water again. The neutralized powders were dried for 1 h at 130 C. These processes resulted in the high resistive performance of the sintered ceramics as shown later.
Sintering Temperature Optimization
These neutralized powders were uniaxially pressed into 10-mm-diameter and 2-mm-thick disks under 128 MPa. The disks were pressed by cold isostatic pressing (CIP) under 200 MPa. They were sintered at various temperatures from 1050 to 1125 C for 2 h in a tubular furnace (Yamada Denki TSR-430). Before reaching the sintering temperature, the samples were fired at 600 C for 4 h to stabilize the disk shape. The heating and cooling rates were 150 and 100 C/h, respectively. Figure 6 shows the dependence of the density on the sintering temperature. The density was measured by the Archimedes technique using a density meter (Alfamirage SD-200L). The optimum sintering temperature was verified to be 1100 C for the maximum density. Figure 7 shows the comparison between the SEM images of the present ceramics surface and the previous one.
2) By introducing the ball milling process and optimizing the sintering temperature, the pore size and number were reduced effectively. Such dense microstructure was one of the reasons for the large permittivity. Figure 8 shows the XRD patterns of (K 0:48 Na 0:52 )NbO 3 ceramics sintered at 1100 C, whose peaks correspond to those of the potassium-sodium niobate ceramics.
Piezoelectric Performances
Appropriate sample shapes are required for the measurement of the piezoelectric coefficient. The sintered ceramics were cut with a diamond cutter and polished with abrasive paper (#2000). The original disk (8.3-mm-diameter and 1.3-mmthick disks) shape was suitable for the measurement using the radial vibration mode. Gold electrodes were deposited on each side of the disk-shaped ceramics using the sputter coater (Sanyu Electron SG-701). These disks were also used for the dielectric coefficient measurements. To measure the thickness vibration modes, stick-shaped specimens of 4 Â 1 Â 1 mm 3 size were prepared. The electrodes for the stick-shaped ceramics were deposited onto the 1 Â 1 mm 2 surfaces using conductive paste (Fujikura Kasei Dotite 705A). A poling treatment was carried out using a highvoltage supply (Matsusada HARb-10P10) in a silicone oil bath (Tokyo Rikakikai OHB-1000G) at 150
C. An electrical field of 2 kV/mm was applied in the thickness direction for 1 h for both sample types. The electromechanical coupling factors k p and k 33 were calculated by the resonantantiresonant method based on the IEEE standards.
23) The relative free permittivity " 33 T =" 0 was determined from the capacitance value at 1 kHz of the poled specimen. The stiffness c i j E was calculated from the resonant frequency. The piezoelectric factor d i j was calculated from the coupling factor, permittivity, and stiffness. d 31 was calculated as Poisson's ratio of 0.3. The Mason's equivalent circuit was used for fitting to the admittance curve, and the mechanical quality factor Q m was calculated from the parameters of the equivalent circuit.
The piezoelectric coefficients d 31 and k p and the dielectric values " 33 T =" 0 and tan were measured using the diskshaped specimens. Figures 9(a) and 9(b) show the admittance results for the radial vibration and thickness vibration modes, respectively. The measured electrical properties of obtained ceramics are summarized in Table I . Compared with the previous sample, the density was increased from 94.7 to 98.2% and the better tan is related to the neutralizing process for reducing contamination on the source powder surface. It is well known that hot-press sintering is effective 9) for high-density KNN ceramics. In this study, using the ball-milled hydrothermal powder, we could realize such high-density KNN ceramics without hot-press sintering. This high density property enabled the higher relative permittivity and the larger stiffness as shown in Table I . These improvements were related to the smaller number of pores inside the ceramics.
On the other hand, the quality factor was decreased, and the piezoelectric parameters, electromechanical coupling factor k 33 and piezoelectric coefficient d 33 , were almost the same. The relative permittivity is related to the domain movement excited by the external electrical field. If the piezoelectric material has easy domain movement, the permittivity becomes larger and this property results in the low mechanical quality factor. This tendency is also indicated in the previous study on (Bi 0:5 Na 0:5 )TiO 3 -(Bi 0:5 K 0:5 )TiO 3 systems. 22) Therefore, the lower mechanical quality factor might be attributed to the larger relative permittivity in the present study.
The electromechanical coupling factor k 33 and piezoelectric constant d 33 were almost the same as the previous ones. However, they do not indicate a similar piezoelectric performance for both samples. As explained before, the improved sample had increased relative permittivity. Therefore, for the same input voltage, the total input energy and transferred piezoelectric mechanical energy became larger even with the same coupling factor. The parameter d 33 is defined as the piezoelectric displacement per input voltage. Therefore, the soft material can demonstrate the larger d 33 constant with the same input mechanical energy. In our case, the stiffness is strongly increased. Hence, even with the similar piezoelectric constant d 33 , we can say that the piezoelectric performance, that is, the transferred piezoelectric energy, was sufficiently improved. In other words, the piezoelectric constant " r could be increased using our improved process.
Conclusions
In this study, we succeeded in increasing the volume of alkaline-niobate powders per source solution in the hydrothermal method. In this modified process, the particle size dispersion of the powder became larger; therefore, the ball milling process was used in mixing alkaline-niobate powders. A neutralization treatment was required in washing the alkaline-niobate powders to remove alkaline ions. In addition to these improvements and the optimized sintering temperature, dense (K 0:48 Na 0:52 )NbO 3 ceramic was synthesized. Compared with the previous ceramics, 2) the density was increased from 94.7 to 98.2%. It resulted in the high relative permittivity of the (K 0:48 Na 0:52 )NbO 3 ceramic. The relative permittivity " 33 T =" 0 was also increased from 207 to 446, and a higher d 33 was obtained. The neutralizing treatment was useful for decreasing the tan . The measured piezoelectric properties of the (K 0:48 Na 0:52 )NbO 3 ceramics were as follows: the electromechanical coupling factors k p and k 33 , relative free permittivity " 33 T =" 0 , piezoelectric factors d 31 and d 33 and mechanical quality factor Q m (radial/ thickness) were 0.41, 0.53, 484, À40 pC/N, 130 pC/N, 67 (radial mode), and 52 (thickness mode), respectively. 
